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I. INTRODUCTION
Study of chemical properties of the heaviest elements belongs to the most important areas of chemical science. By now, elements 104 (Rf) through 108 (Hs), 112 (Cn) and 114 (Fl) have all been studied on their gas-phase chemical behaviour using fast-chemistry separation techniques. [1] [2] [3] According to these techniques, volatile species of interest are adsorbed on a surface (usually made of quartz, or gold) of a chomatography column, and their adsorption temperature is measured and compared to that of their lighter homologs.
Rf, the first element of the transactinide series, was also historically the first one produced in nuclear reactions and studied on its chemical behaviour. [4] [5] [6] The ability of group-4 elements to form volatile halides was exploited in the early studies for their chemical separation. These experiments, that isolated volatile chlorides or bromides from nuclear reaction by-products, demonstrated that Rf does not belong to the actinide series, but is the first member of the new, 6d series. [4] [5] [6] Many experiments on the study of volatility of the group-4 tetrachlorides followed with results revealing an unexpected trend in the group: Zr > Hf < Rf (see Ref. 7 for a review).
Rf was also one of the first transactinide elements whose compounds were studied using the molecular orbital quantum theory. In 1977, the influence of relativistic effects on properties of RfH 4 was investigated using the Dirac-Fock (DF) one-center expansion method. [8] [9] [10] In 1982, the first quasirelativistic Multiple-Scattering Xα calculations 11 were pera) Author to whom correspondence should be addressed. Electronic mail: V.Pershina@gsi.de.
formed on RfCl 4 with the aim to interpret results of gas-phase chemical experiments conducted at that time at the JINR, Dubna. [4] [5] [6] Later on, the electronic structure of RfCl 4 was calculated using the 4-component (4c) Dirac-Slater DiscreteVariational (DS-DV) method. 12, 13 These calculations have confirmed that RfCl 4 is a homolog of ZrCl 4 and HfCl 4 and should have very similar properties. It was also demonstrated that relativistic effects result in an increase in the stability and covalence in group 4, which should result in the higher volatility of RfCl 4 in comparison with the lighter homologs in the group. 13 Further on, developments in the 4c-DFT method allowed for obtaining a rather accurate atomization energy, D e , of RfCl 4 . The D e (RfCl 4 ) of 19.5 eV turned out to be lower than D e (ZrCl 4 ) of 21.7 eV and D e (HfCl 4 ) of 21.1 eV. 14 Other improvements and the development of the non-collinear spin-polarized (SP) version of the 4c-DFT method provided an even more accurate atomization energy of RfCl 4 of 19.53 eV. 15 The lower value of D e (RfCl 4 ) in comparison with D e (ZrCl 4 ) and D e (HfCl 4 ) was originally explained by a smaller ionic component of bonding. 13 The following relativistic effective core potential (RECP) calculations of Han et al. 16 have given D e (RfCl 4 ) of 18.8 eV. All the calculations have also shown that the bond length (R e ) in RfCl 4 is about 0.05 Å larger than R e (HfCl 4 ), in agreement with a larger ionic radius (IR) of Rf 4+ with respect to IR of Hf 4+ , as well as with its larger covalent radius (CR). 17, 18 (See the latest reviews 7, 19, 20 on the theoretical investigations of the chemistry of the heaviest elements.)
The earlier theoretical works on RfCl 4 were, however, restricted to obtaining only R e , D e , and the vibrational frequency of the bond, ω e . For predictions of volatility of this compound and its lighter homologs with the use of a physisorption (van der Waals) model, more data, such as ionization potentials, IP, and molecular dipole polarizabilities, α, are, however, needed. Also, no direct comparison of the relativistic and non-relativistic properties of these molecules was made earlier.
The lighter molecules, TiCl 4 , ZrCl 4 , and HfCl 4 , were theoretically treated in the past using a variety of methods. Only those performed recently, or at the high level of theory are used in this work for comparison (see below).
Not much is known about ability of the group-4 elements to form oxyhalides. It is uncertain whether compounds, such as ZrOCl 2 and HfOCl 2 , exist in the gas-phase. Provided there are some traces of oxygen in the chemical set up, one can, however, assume the formation of the oxychlorides (and further chlorides) according to the following reactions:
The formation of the oxychlorides of group-4 elements was, indeed, observed in the gas-phase chromatography experiments. 21 It was shown that addition of O 2 to the chemical set up of the isothermal gas-phase chromatography results in the shift of volatility of the chlorides by about 100
• -200
• to the lower temperatures, which is an evidence of the formation of the oxychlorides that takes obviously place on the surface. The process can be described by the following reaction:
The solid-state structure of ZrOCl 2 is known. 22 It consists of the polymeric [ZrOCl 4 2− ] n units. It was also found that solid MOCl 2 (M = Zr and Hf) decompose to the tetrachlorides and the oxides when heated, and the vapor pressure was measured. 23 The MOCl 2 molecular species have not received much attention from the theory so far. The only work, to our knowledge, deals with quasi-relativistic calculations of the electronic structure of ZrOCl 2 at the restricted Hartree-Fock (RHF) and Møller-Plesset second order perturbation theory (MP2) levels of theory. 24 Thus, in the present work, we present results of the extended calculations of properties of MCl 4 (M = Ti, Zr, Hf, and Rf) that are needed for estimates of their volatility. We also present results of the first calculations of the electronic structures and properties of MOCl 2 (M = Zr, Hf, and Rf). On their basis, trends in the formation of the chlorides and oxychlorides according to reactions (1), (2) , and (3) are predicted. All the calculated properties are required to estimate the adsorption energy of these species on a (modified) quartz surface with the use of some models, as is shown in Paper II. 64 In Sec. II, the method and details of the computations are described. The results and their discussion are presented in Sec. III. Conclusions are given in Sec. IV.
II. COMPUTATIONAL DETAILS
All the calculations were performed using the DIRAC12 program suite. 25 In order to save the computational resources, we used the infinite order exact two-component (X2C) relativistic Hamiltonian. 26, 27 This Hamiltonian is routinely employed in conjunction with the atomic mean field integral (AMFI) code, which provides the two-electron spin-orbit contributions. 28, 29 The X2C Hamiltonian was shown to reproduce very well the results obtained using the standard 4c-Dirac-Coulomb (DC) Hamiltonian for a variety of systems and different electronic properties. 30, 31 The X2C calculations are almost an order of magnitude faster than the 4c-DC ones; in combination with its high accuracy, this makes the X2C method an excellent approach for treatment of molecular systems containing heavy and superheavy atoms. A finite nucleus model described by the Gaussian charge distribution was employed in the calculations. 32 In order to test the performance of the X2C approximation with respect to the 4c-DC method for the MCl 4 molecules studied here, we have also performed the calculations employing the 4c-DC Hamiltonian including the LL, SL, and the SS two-electron integrals (L and S are the large and small components of the relativistic wave-function). We have also carried out non-relativistic 33 (NR) calculations: a comparison of the NR with the relativistic results allows for evaluating the importance and the magnitude of relativistic effects on the properties of interest.
The calculations were performed in the framework of the Dirac-Hartree-Fock (DHF) approximation and the relativistic density functional theory (DFT) implemented in the DIRAC12 program. 34, 35 A comparison of the results obtained within these two approaches permits to reveal the influence of the exchange/correlation energy on the properties. We used the Becke 1988 exchange GGA functional (B88) 36 and a combination of the non-local correlation functional of Perdew (PW86), 37 and the 1981 local correlation functional of Perdew and Zunger. 38 The DIRAC12 program package employs the functionals in their nonrelativistic form, as it has been demonstrated that the TABLE I. Equilibrium bond lengths, R e (in Å), ionization potentials, IP (in eV), and polarizabilities, α (in a.u.), of the MCl 4 (M = Ti, Zr, Hf, and Rf) molecules calculated via the DFT (B88/P86) approach within the NR, X2C, and the 4c-DC Hamiltonians and using smaller basis sets. relativistic corrections to the exchange-correlation functionals have a negligible effect on the calculated valence properties. 39, 40 The calculations aimed at a comparison of the NR vs the 2c-/4c-results for these systems were performed with the limited double-zeta basis sets: aug-cc-pvdz for O and Cl [41] [42] [43] and pvdz ones of Dyall for Zr, Hf, and Rf. [44] [45] [46] [47] The final values were obtained for the extended basis sets: for Cl and Ti the aug-cc-pvtz basis sets were used 42, 43 in their uncontracted form. For Zr, Hf, and Rf, we used the uncontracted triple-zeta relativistic basis sets of Dyall. [44] [45] [46] [47] Convergence of the calculated properties with respect to the basis set was verified.
The static dipole polarizability tensors were calculated within the framework of the linear response theory 48 at the optimized geometries using the X2C Hamiltonian. The D e were calculated by taking the differences between the total energies of the molecules and the atoms. The calculated D e are expected to be somewhat overestimated, as the use of the functionals dependent on the density rather than on the spin density is likely to result in overbinding. 15 The vertical IPs were obtained by taking the total energy difference between the neutral and the singly charged molecules at the equilibrium geometry of the neutral systems. Projection analysis 49 was used to define the MO composition and the character of bonding. 
III. RESULTS OF THE CALCULATIONS AND DISCUSSION
A. Properties of MCl 4 (M = Ti, Zr, Hf, and Rf)
As was mentioned in Sec. II, in order to the test the accuracy of the X2C approach, we have performed the 4c-DFT calculations for MCl 4 (M = Ti, Zr, Hf, and Rf) with the relatively small, aug-cc-pvdz, basis sets. We have also performed the NR calculations in order to elucidate the influence and magnitude of relativistic effects on molecular properties. Results for R e , IP, and α are presented in Table I . One can see that the X2C-values are practically identical to the 4c-ones for all the calculated properties, which encourages the further use of the X2C approach.
Results of the X2C relativistic calculations of R e , D e , IPs, and α of MCl 4 (M = Ti, Zr, Hf, and Rf) without correlation (HF) and with the DFT exchange-correlation (B88/P86) are presented in Table II in comparison with the other calculations and experimental data where available. The relativistic and NR HOMO and LUMO energies of MCl 4 (M = Ti, Zr, Hf, and Rf) are shown in Fig. 1 . The relativistic energy levels of the highest occupied MOs and the lowest vacant MOs are also shown in Fig. 2 . As was found earlier, 13 the electronic structure of RfCl 4 is similar to those of ZrCl 4 and HfCl 4 , where bonding is made by the predominant participation of the (n-1)d and ns AOs of the metal atoms. would have also been reversed at the NR level of theory. The same effects were shown earlier for group-5 chlorides (see Refs. 19 and 20) . The relativistic spin-orbit (SO) splitting of the MOs of the (n-1)d character of M increases with Z, though the crystal-filed effect increases only slightly in this direction (Fig. 2) .
The calculated X2C DFT R e of MCl 4 (M = Ti, Zr, and Hf) are in good agreement with the experimental values, as well as with the R e from the spin-polarized (SP) 4c-DFT calculations 15 (Table II and Fig. 3 ). For the closedshell systems both non-SP and SP methods give the same R e . (For unknown reasons, the 4c-DFT R e of RfCl 4 value 15 is surprisingly small, even smaller than R e of ZrCl 4 ). The R e (RfCl 4 ) is also in excellent agreement with the one from the RECP coupled cluster single and double excitations (CCSD) calculations. 16 The relativistic R e are smaller than the non- Table II. relativistic ones (related to the stronger bonding), with this effect being more pronounced for the heavier systems. The reason for this is the relativistic contraction of the ns AOs contributing to bonding in addition to the (n-1)d AOs of M, with the effect increasing with Z. The data (Fig. 3 ) also confirm that the lanthanide contraction (from ZrCl 4 to HfCl 4 ) is partially a relativistic effect, while without relativity, R e slightly increases from Zr to Hf. The R e further increases towards RfCl 4 , but to a much lesser extent in the relativistic case than in the non-relativistic. This shows the actinides contraction to be a more significant relativistic effect. R e (RfCl 4 ) is 0.054 Å larger than R e (HfCl 4 ), which is in accord with the differences in the IR and CR between Rf and Hf. 17, 18 The calculated X2C D e (MCl 4 ) values are shown in Table II and Fig. 4 in comparison with the ones from the other, preferentially 4c-DFT 15 and RECP calculations. 16 As expected, correlation (see the X2C+B88/P86 vs. X2C HF results) significantly increases D e , e.g., by about 17% in RfCl 4 , with this effect decreasing with Z in the group. Such an enlargement in D e (RfCl 4 ) (of 14%) was also found by the RECP calculations 16 (compare the HF and CCSD(T) values in Table II ). The R e , and particularly α of MCl 4 (see the value for TiCl 4 in comparison with the experimental one) are significantly improved by the correlation.
As was mentioned above, our non-SP D e are overestimated due to the fact that the present version of the DFT method is Kramer's restricted, so that the ground states, particularly those of atoms, are not properly reached. Tables I and II). SP non-collinear -is also given in Ref. 15 .) The overall trend in group 4, particularly a decrease in D e from HfCl 4 to RfCl 4 is, however, reproduced rather well by the non-SP DFT calculations, in agreement with the RECP ones. 16 As was shown earlier, 19 the relativistic stabilization and contraction of the ns AOs, as well as the expansion and destabilization of the (n-1)d AOs of M in the group results in an increase in the covalence and stability from the 4d to the 5d element compounds. 19 A decrease in the dissociation energies of the 6d element compounds with respect to the 5d ones (even though the covalence increases in this direction) comes at the expense of a smaller ionic component of bonding, 13 larger SO and smaller correlation effects. (Table I ). The relativistic X2C DFT values for the larger basis sets are given in Table II . An experimental value 55 for TiCl 4 is shown with an open triangle. Beside the molecular size, properties that are of interest for predicting volatility of these compounds are IPs and α. The obtained X2C DFT IPs turns out to be smaller than the experimental ones 54 for MCl 4 (M = Ti, Zr, and Hf). To find a reason for this disagreement, we have performed additional test calculations of IP(HfCl 4 ) using the 4c-DFT method of Anton et al. 60 The obtained value is 11.03 eV, similar to our X2C DFT result (Table II) . Further on, the RECP DFT and CC calculations were performed for HfCl 4 . 61 The B3LYP value is 10.2 eV, and the CCSD(T) one is 10.7 eV, both are close to our B88/P86 result of 11.00 eV and also lower than the experimental one. Knowing good performance of the 4c-DFT and RECP methods for calculating IPs, 62, 63 we come to a conclusion that the early measurements 54 of IPs of the tetrachlorides of Ti, Zr, and Hf might be inaccurate.
The calculated in the present work both relativistic and NR IPs show an overall trend to a decrease in the group (Fig. 5) . The relativistic IP are slightly smaller than the NR IP (Fig. 5) , as it is seen from the relativistic and NR HOMO energies of MCl 4 (Fig. 1) . The equal IPs of ZrCl 4 and HfCl 4 are also a result of relativity, as well as a smaller decrease towards RfCl 4 , as compared to the NR case.
Finally, the obtained NR and relativistic DFT polarizabilities (for smaller basis sets) are given in Table I and shown in Fig. 6 , as well as the X2C DFT values for the larger basis sets are given in Table II . To our knowledge, only α of TiCl 4 was measured. 55 It is nicely reproduced by our X2C DFT calculations. We expect, therefore, a similar accuracy of the calculations for the other tetrachlorides. The drop of the lines in Fig. 6 from Zr to Hf reflects the effect of the lanthanide contraction that is much more pronounced at the relativistic level than at the NR. One can also see a dramatic effect of relativity on α of RfCl 4 and on the actinide contraction, that brings α(RfCl 4 ) to almost α(TiCl 4 ), while non-relativistically α(RfCl 4 ) is the largest. This is another manifestation of the Due to the absence of information about gaseous MOCl 2 (M = Zr and Hf), we had first to find out their geometrical configurations. Thus, both bond lengths and angles were optimized at the X2C-HF and DFT levels of theory. The results are shown in Table IV . A remarkable feature is that at the HF level of theory ZrOCl 2 and HfOCl 2 are flat belonging to the C 2v group of symmetry. However, at the correlated level (and for RfOCl 2 at the HF level), the molecules are bent (pyramidal), similar to SOCl 2 , with an angle between the oxygen atom and the Cl-M-Cl plane of about 120
• -140
• (Table IV) . The bent structure is, however, stabilized by only 0.03 eV for ZrOCl 2 and 0.07 eV for HfOCl 2 . For RfOCl 2 , the bent structure found at the HF level is further emphasized (by 0.28 eV) by correlation. The reason for the bent structure preference is not really clear. The R e (M-Cl) values show again a typical bond contraction from the Zr to Hf molecule and an increase in it towards the Rf compound. The R e (M-O), however, steadily increases in the group.
The MO composition (for some orbitals) of RfOCl 2 is given in Table V [4] [5] [6] [7] According to the current results, the trend in the formation of the oxychlorides from the elements according to reaction (1) should be Zr > Hf > Rf.
The IPs of the group-4 MOCl 2 decrease from Zr to Hf and to Rf ( Table V) . The dipole moments increase from the Zr to the Rf oxychloride due to an increase in the M-ligand separation, R e . Such an increase in μ with Z has been found for various other oxychlorides of group-5 through 7 elements, i.e., MOCl 3 (M = Nb, Ta, and Db), MOCl 4 , MO 2 Cl 2 (M = Mo, W, and Sg), and MO 3 Cl (M = Tc, Re, and Bh). 7, 19, 20 The increase in the dipole moments with Z in those groups causes a decrease in the volatility of these compounds due to an increase in the molecule-surface interaction energy. This was also confirmed experimentally for group-6 MO 2 Cl 2 and group-7 MO 3 Cl (see Ref. 7) showing that the heaviest compounds are the least volatile. Thus, we expect that the volatility of the group-4 MOCl 2 will also decrease in the group.
At the end, we would like to define a trend in the formation of the tetrachlorides from the oxychlorides according to reaction (2) . The differences in the total energy values listed in Table VII give it as follows: Zr < Hf < Rf. Thus, overall, Rf should have a preference to form the pure tertrachloride from the oxychloride. This means that if the pure chlorides are formed under experimental conditions for Zr and Hf, they should also be formed for Rf. As a reversed process, Rf should have the smallest probability to form the oxychloride from the tetrachloride according to reaction (3).
IV. CONCLUSIONS
Molecular properties of the group-4 tetrachlorides and oxychlorides such as atomization energies, equilibrium geometries (bond lengths and angles), ionization potentials, polarizabilities, and dipole moments (for the oxychlorides) were determined with the use of the X2C DFT method. The present calculations have shown that both RfCl 4 (in agreement with earlier calculations) and RfOCl 2 are less stable than the homologous chlorides and oxychlorides of Zr and Hf, respectively. The trend in the formation of the tetrachlorides from the oxychlorides was found to be Zr < Hf < Rf. This means, if the pure chlorides are formed under experimental conditions for Zr and Hf, RfCl 4 should also be formed. Hf turned out to have no preference to form the oxychloride, in difference to the earlier assumptions, and Rf even less.
The geometry of the MOCl 2 molecules was found to be bent with an angle of about 120
• between the oxygen atom and the Cl-M-Cl plane. Bond lengths of RfCl 4 and RfOCl 2 are about 0.05 Å larger than those of the Zr/Hf homologs, in agreement with the differences in their ionic and covalent radii.
Polarizabilities of MCl 4 show a "saw-teeth" behaviour in group 4 with an increase from HfCl 4 to RfCl 4 . Relativistic effects dramatically decrease α(RfCl 4 ) making it almost equal to α(TiCl 4 ). The dipole moments of MOCl 2 increase in group 4 which should result in an increase in adsorption of these species on a quartz surface due to the dipole-surface charge interactions. The trend in the oxychloride formation from the tetrachlorides should be Zr > Hf > Rf.
All the calculated properties are required for estimates of volatility of these compounds as a reverse process to adsorption on inert and other surfaces, as is demonstrated in Paper II. 64 
